Abstract Sodium potassium niobate (KNN) is the most promising candidate for lead-free piezoelectric material, owing to its high Curie temperature and piezoelectric coefficients among the non-lead piezoelectric. Numerous studies have been carried out to enhance piezoelectric properties of KNN through composition design. This research studied the effects of yttrium concentrations and lattice site occupancy preference in KNN films. For this research, the yttrium-doped KNN thin films (mol% = 0, 0.1, 0.3, 0.5, 0.7 and 0.9) were fabricated using the sol-gel spin coating technique and had revealed the orthorhombic perovskite structures. Based on the replacement of Y 3+ ions for K + / Na + ions, it was found that the films doped with 0.1 to 0.5 mol% of yttrium had less lattice strain, while films with more than 0.5 mol% of Y 3+ ions had increased strain due to the tendency of Y 3+ to occupy the B-site in the perovskite lattice. Furthermore, by analysing the vibrational attributes of octahedron bonding, the dopant occupancy at A-site and B-site lattices could be identified. O-Nb-O bonding was asymmetric and became distorted due to the B-site occupancy of yttrium dopants at high dopant concentrations of >0.5 mol%. Extra conduction electrons had resulted in better resistivity of 2.153× 10 6 Ω at 0.5 mol%, while higher resistivity was recorded for films prepared with higher concentration of more than 0.5 mol%. The introduction of Y 3+ improved the grain distribution of KNN structure. Further investigations indicated that yttrium enhances the surface smoothness of the films. However, at high concentrations (0.9 mol%), the yttrium increases the roughness of the surface. Within the studied range of Y 3+ , the film with 0.5 mol% Y 3+ represented a relatively desirable improvement in dielectric loss, tan δ and quality factor, Q m.
Introduction
Ferroelectric thin films have improved over the years and made their way into various scientific and technical fields, with its application in sensors, actuators, transducers, filters, and resonators. As a result of its good ferroelectric and piezoelectric properties, lead zirconia titanate, or PZT, is now a highly used lead-based piezoelectric. However, there are concerns regarding the presence of lead in PZT and its environmental impact [1, 2] . Extensive research has been focused in looking for an alternative piezoelectric material to overcome this environmental concern [3] . According to the Restriction of Hazardous Substances (RoHS), materials having more than 0.1 wt% of lead are subjected to restriction due to its toxicity. Additionally, the production of lead-containing ceramics and films are dangerous due to the evaporation of PbO into the atmosphere, which can cause severe respiratory and fertility problems [4] . Potassium sodium niobate (K 0.5 Na 0.5 NbO 3 or KNN) is a potential replacement due to its high Curie temperature (420°C), high remnant polarization (14 μC/cm 2 ), low coercive field (~140 kV/cm), and high piezoelectric constant (~300 pC/N) [1, 5, 6] . The ABO 3 perovskite structure that makes up KNN was discovered in 1950, but this compound has been overlooked due to the complications of processing KNN. A high volatilization of alkaline elements during sintering process leads to the compositional in-homogeneity, which creates KNN with low piezoelectric activity [7, 8] .
An effective way to overcome the volatility of KNN is using the doping technique. This could be accomplished with the doping at A-site lattice or B-site lattice. This method balances the ions charge that creates chemically stable KNNbased materials, which could reduce the local stress and concentrations of oxygen vacancies [9] . For example, when a donor ions with higher valences (La 3+ , Nd
3+
) is introduced at A-site lattice of K + or Na + , cations vacancies at this site will form defect dipoles with the donor ions to compensate the electron deficiency [10] . A similar phenomenon occurs by adding acceptor ions at B-site, where oxygen vacancies are bound around the acceptor ions to balance the charge deficiency. When a defect-generating dopant is introduced into the perovskite lattice, it orients the defect-dipoles during the annealing process. As a result, the perovskite structure was positioned statically in the lattice, thus reducing the KNN volatility [10, 11] . The addition of rare-earth dopants has also improved the capabilities of a number of piezoelectric materials. The low diffusivity of rare-earth dopants have been proven to stabilize and lower the dissipation factor in dielectric materials [12, 13] . Among the promising rare-earth dopant is yttrium (Y 3+ ) which can improve the fatigue endurance, remnant polarization, and leakage current of the host materials [14, 15] . It has been noted that the ionic radii of Y 3+ in 6 coordinates is 0.91 Å , in between the radius of K + , Na + (1.02 Å and 1.38 Å) and Nb 5+ (0.69 Å) [16] . Hence, the Y 3+ ion can also be termed as an amphoteric ion as r(Nb
In the perovskite lattice, there are three stages of rare-earths doping mechanism in KNN lattice. In other words, the rare-earth dopants capable of choosing their site occupancy depend on their concentrations in the host materials. The manifestation of these three stages can be ascribed as follows. In the first two stages, the rare-earth dopants would occupy the A-site or B-site lattice. At the third stage, the over limit of dopants causes the appearance of a secondary phase [17, 18] . Distinct observations of rare-earths behaviour in piezoelectric materials have stimulated the investigation on the microscopic nature of the rare-earth in piezoelectric materials such as dopant occupancy and its related compensation and properties in the perovskite structure. For example, Yongping et al. suggested that dysprosium (Dy 3+) suppress the electrical resistivity at low dopant contents (Dy 3+ < 0.6%) due to the formation of conduction electron at A-site of barium titanate (BT) [19] . Nonetheless, Sun et al. claimed that Dy 3+ prefers to occupy B-site lattice below 2.0 mol% whilst the excess dopant would occupy the A-site, owing to the continuous decrement in the lattice parameter [20] . Though the influence of rare-earths on other piezoelectric materials been reported before, the microscopic information of the rare-earth behaviour particularly Y 3+ in KNN has not been established. Therefore, this study becomes a breakthrough for the scholars to comprehend how this rare-earth dopant is responsible in improving the KNN properties. The correlations between structure evolutions, dopant concentrations, and occupancies have been studied analytically. This study also assists the researchers to determine the proper rare-earth dopant formulation in KNN-based materials in order to improve the piezoelectric properties once an optimize dopant concentration has been identified.
Experimental
The films on the silicon substrate were prepared using the solgel method. The starting solutions were potassium acetate (Alfa Aesar, 99% purity) and sodium acetate (Alfa Aesar, 99% purity), in which both solutions were alkaline precursors. The solvent was a polar organic solvent 2-methyoxyethanol, 2-ME (Sigma-Aldrich, 99.9% purity). Yttrium nitrate hexahydrate (Alfa Aesar, 99.9% purity) acted as the source of yttrium dopant. Initially, various concentrations of yttrium (mol % = 0, 0.1, 0.3, 0.5, 0.7, and 0.9) were added to the precursor solution. As they are being stirred constantly at room temperature, these mixed solutions were dissolved in 2-ME. A mixed solution of niobium ethoxide (Sigma Aldrich, 99.5% purity) and acetylacetone (Sigma-Aldrich, > 99.9% purity) was added dropwise to the prepared KNN precursors, after an hour of vigorous stirring at room temperature. The ensuing mixture was left to stand for an hour at 80°C to create a clear and homogenous solution.
The thin films were then produced when the mixed solution was spun onto the Si substrate at 3000 rpm for 60 s. This was followed with pyrolysis where the wet films were dried at 200°C for 1 min. The coating and pyrolysis processes were done five times to form a well-defined thickness of the films. Finally, a rapid thermal annealing furnace (RTP-1000D4, MTI) was used to anneal the thin films for 5 min at 650°C. Figure 1 illustrates the preparation process of the films.
A PANalytical X'Pert Pro was used to examine the crystalline phase of KNN and Y-doped KNN films via x-ray diffraction (XRD). The scanning speed was set to 0. Raman scattering spectrometer (Uni-Ram 3500) with a wavelength of 532 nm was used to observe the molecular vibration of KNN films with different yttrium concentrations. Prior to the electrical measurement, the Au electrode was sputtered onto the Si substrate. A four point probe I-V Keithley (2400 sourcemeter) was used to measure the resistivity of the films, while impedance analyzer (HP 4194A) was used to measure the dielectric loss (tan δ) and piezoelectric quality factor (Q m ) of thin films. Finally, the morphology of the thin films was examined by field emission scanning electron microscopy (FESEM, Hitachi 51,400) operating at 10 kV. Further investigation on the topography of the KNN films was performed using atomic force microscope (AFM, 5100 N).
3 Results and discussion 3.1 Crystalline phase and lattice strain Figure 2 shows the XRD patterns of pure and yttrium-doped KNN thin films formulated at different concentrations (0, 0.1, 0.3, 0.6, 0.7, and 0.9 mol%). The crystallographic indexing was carried out and set to standard orthorhombic perovskite crystal structure JCPDS files (00-032-0822). It is stated that there are no specific standard JCPDS files for the exact K 0.5 Na 0.5 NbO 3 [21] . However, the peaks observed in this research were similar to the results obtained by Khorrami et al. [22] All KNN films displayed the analogous orientations, with no secondary phase detected. This implied that the lattice sites in KNN films were successfully and uniformly doped with Y 3+ ions. The peak intensities decreased with the increase in doping concentrations. This implies that an increase in doping concentration deteriorates the film's crystallinity [23] . It has been noted that the position and peak broadening in XRD pattern were affected by the presence of lattice strain within the lattice structure. The strain developed in the lattice was caused by the difference in the ionic radii of dopant as compared to the host ions [24, 25] . The effect of strain with respect to different yttrium concentrations was plotted against the size strain plot method (SSP). Accordingly,
where K denotes a constant which is dependent on the shape of the particles. In this research, the shape of the particles is spherical and set at ¾. The lattice strain can be obtained from the root of y-intercept from the above equation.
The lattice strain and lattice parameter values were then plotted against different yttrium concentrations in Fig. 3 Figure 4 shows the Raman scattering modes of the KNN molecules with different yttrium compositions. The presence of KNN perovskite structure is confirmed with the typical vibrations [28] [29] [30] [27, 29] . The near-perfect equilateral octahedral symmetry, which are A 1 g(ν 1 ) symmetrical and F 2 g(ν 4 ) antisymmetrical modes were also detected as relatively strong scattering signals in KNN. All of these attributes indicate that a perovskite structure has been formed in the pure and doped KNN films [6] . These attributes were in agreement with the XRD result, which also verified the presence of perovskite structure. Changes to the Raman spectra were caused by structural modifications, which in turn results in large changes in the internal modes associated with NbO 6 octahedron. In analysing the Raman shifts as well as the full-width half maximum (FWHM), the effects of adding yttrium to the vibration modes of Nb-O molecules could be explained. Hence, individual Gaussian functions were used to deconvolute the symmetrical mode at 618 cm −1 (Fig. 4(b) ). The Raman shift and the FWHM were plotted from the result of the deconvolution as shown in Fig. 5 . The plot presented a gradual increase in Raman shifts (614 to 622 cm ) as the yttrium concentrations is increased from 0.5 mol% to 0.9 mol%. This occurrence was the result of Y 3+ occupancy at the KNN lattice site, which caused distortion on the O-Nb-O angles. Additionally, the strength in force constant was reduced and caused the distance between B-site ions and their coordinated oxygen to shorten when more Y 3+ was added [31] . As a result, the octahedron interaction became weaker and resulted in the increase in Raman shift and FWHM. In contrast, Y 3+ preferentially occupied the A-site of KNN lattice due to less octahedron tilting induced by Y 3+ , as indicated by the small Raman shifts from 0.1 to 0.5 mol% [26] . The yttrium doping did not change much of the force constant for this symmetric stretching mode at low concentrations because the ionic radii of Y 3+ and K + / Na + were very close.
Vibration mode of KNN molecules

Resistivity and piezoelectric properties
Resistivity measurement was used to investigate the charge compensation mechanism in KNN lattice structure. Figure 6 shows the electrical resistivity of pure and doped KNN with different yttrium concentrations. The doping concentration of 0.5 mol% has resulted in a minimum electrical resistivity of 2.153 x 10 [6] Ω. According to the result, it can be seen that Y 3+ can restrain the electrical resistivity at low concentration significantly. In perovskite, the volatile nature of K + and Na + results in the formation of cationic vacancies during the annealing treatment. Therefore, the identified charge being carried in the perovskite are electrons, holes, and oxygen vacancies [17] . Considering the charge compensation mechanism in Eq. 2, the affinity of Y 3+ to occupy the A-site at the first stage would cause the formation of excess electron, Nb 5+
•2e. As a result, holes and vacancies created during annealing process will be reduced and caused the resistivity to be lowered outstandingly.
In contrast, the resistivity abruptly increased as the dopant concentrations went above 0.5 mol%. When more dopants were added, the tendency of Y 3+ to maintain the charge of electroneutrality at B-site by ionic compensation induces the formation of oxygen vacancies. Owing to this compensation mechanism, the interaction between Nb 5+ and O 2− turns out to be weaker, which makes oxygen easily volatile and creates the oxygen vacancies [32] . Consequently, the oxygen vacancies in KNN lattice promotes the localised defects, which increases the resistivity of KNN films at high dopant concentrations. Analogues hypotheses were put forward by other researchers on the electrical behaviour of perovskite films at high yttrium concentrations [19, 23] . The charge compensation mechanism at B-site was represented by the following equation:
The room temperature dielectric (tan δ) and piezoelectric properties (Q m ) are shown in Fig. 7 electron. In comparison, further addition of Y 3+ had resulted in a gradual increment of dielectric losses. It appeared that the resulted trend of dielectric losses was in good agreement with the resistivity measurement which confirmed the charge compensation behavior obtained at A-site and B-site of the perovskite structure.
Generally, the motion of domain orientation was attributed by mechanical quality factor, Q m , which is considered as the most vital extrinsic contribution to enhance piezoelectric response. Therefore, good piezoelectric materials are expected to exhibit high mechanical quality factor [33] . It is shown in Fig. 7 that the addition of Y 3+ at certain amount (0.1-0.5 mol%) has increased the quality factor, Q m , presumably due to the decreased concentration of holes and vacancies upon dopant addition. Morever, the addition of Y 3+ can facilitate domains orientation and lead to the enhancement of piezoelectric activity [34, 35] . Comparatively, the creation of oxygen vacancies at high dopant concentration ascribed by charge compensation mechanism at B-site lattice has restricted the domain wall motion, which consequently caused an abrupt decrease in Q m . concentration. This implies that Y 3+ could inhibit the grain growth at certain amount and improve the grains densification [17] . Surprisingly, the distinct pores emerged around the grains when Y 3+ is further increased above 0.5 mol%. Drawing upon the previous discussion, Y 3+ was distributed at B-site at high dopant concentrations. Therefore, the pore emergence might be related to the formation of stress originated by the ionic radii mismatch between Y 3+ and Nb 5+ at occupation site, which caused lattice distortion, thus leading to the abnormality of the grains growth [23, 36] . Figure 9 shows the 1 μm × 1 μm KNN films viewed through an AFM which indicated that all the films have nanocrystalline growth patterns. The roughness of the pure KNN film was initially at 1.65 nm, but it decreased to 1.018 and 1.31 nm at dopant concentration of 0.1 mol% and 0.5 mol% respectively, which shows that Y 3+ could improve the surface roughness of the films. However, it was found that the surface roughness was increased to 1.96 nm when the dopant concentration is increased to 0.9 mol%. The appearance of high roughness value is a consequence of the abnormal grains formation caused by porosity, as depicted in FESEM result. The roughness pattern obtained in this study was in congruent with Deng et al. who discovered that the initial incorporation of dopant enhanced the smoothness of the films, but the roughness gradually increased as the dopant concentration is further increased [37] .
Conclusion
In this research, the sol-gel technique was utilised to create pure and doped K 0 . 5 Na 0.5 NbO 3 films (yttrium-doped KNN = 0, 0.1, 0.3, 0.5, 0.7, and 0.9 at mol %), and the effects of various yttrium doping concentrations on the structural properties of KNN were studied. It was noted that all the films exhibited the presence of orthorhombic perovskite structures. Hence, it is indicated that yttrium incorporated into the A-site lattice had low distortion on O-Nb-O bonding at low dopant concentrations. The structural disorder of octahedron caused broad FWHM and significant Raman shifting for yttrium >0.5 mol%. This indicates that the yttrium was occupying the Bsite lattice. The electrical resistivity dropped to 2.153 x 10 6 Ω when yttrium was added, but started to increase at dopant concentrations of more than 0.5 mol%. Addition of Y 3+ at 0.5 mol% drastically lowered the dielectric losses (tan δ) and significantly improved quality factor (Q m ). The addition of Y 3+ also modified the grains distribution with more homogenous and dense surface. The smoothness of KNN films was remarkably enhanced with the trace amounts of Y 3+ (0.1 and 0.5 mol%). The dopant concentrations indicated that the mol% of dopants determines the yttrium lattice site occupancy and in turn, governs the structural evolution and piezoelectric properties of KNN.
